Dcx may utilize its C-terminal Dcx domain to catalyze
of Dcx is crucial for its function in cell migration. While microtubule growth by stimulating the addition of tubulin preparing this paper for publication, we learned of comdimers to the growing tip and use both domains together plementary data from Gleeson and colleagues (see the to bundle or stabilize the microtubule polymer, proaccompanying paper by Tanaka et al.), which demontecting it from catastrophic collapse. strate a role for Cdk5 in regulating the binding affinity Consistent with this notion, we have found that Dcx of Dcx for microtubules in the perinuclear region of the is localized in migrating neurons to a region in which migrating cell. Collectively these studies suggest that microtubule dynamics likely play a key role in motility Dcx can regulate microtubule behavior in multiple suband guidance. Similar to the growth cone of an axon cellular locations and that several kinases govern Dcx or neurite, migrating neurons extend a leading process activity. along their direction of movement. The two structures play analogous roles in motility, with a major difference Results being that during migration the cell soma is translocated in a saltatory manner following extension of the leading Dcx Is Localized to Distal Microtubules process, whereas during axon growth the cell body , 1997) . When leading processes, suggest that the microtubule binding cells are fixed as above to extract soluble proteins and activity of Dcx is subject to dynamic regulation that stabilize the cytoskeleton, Dcx immunostaining localenables motile processes to alter their trajectory in reizes to the microtubules of the leading edge of the migrasponse to extrinsic guidance cues. We have focused tory process, as well as to the area just distal to the on phosphorylation as a mechanism for regulating Dcx leading edge ( Figure 1C ). Relatively little Dcx immunorelocalization and function. Here we show that the subcelactivity was detected in the cell body under these fixalular localization of Dcx is maintained by a balance of tion conditions. Thus, Dcx interacts selectively with miphosphatase and kinase activities at the leading edge crotubules within the leading process, positioning Dcx of the migrating neuron. We find that the binding of Dcx to play a key role in regulating the cytoskeleton during to microtubules in vitro is negatively regulated by PKA motility and guidance. trigger a decrease in microtubule binding. Using the cosedimentation assay, there was no difference in the To ascertain whether MARK and/or PKA can regulate the binding affinity of Dcx for microtubules, a purified amount of S115A mutant fusion protein compared to wild-type Dcx in the supernatant fraction following bacterial fusion protein of Maltose Binding Protein (MBP) and Dcx was used as a substrate for each kinase, phosphorylation in vitro ( Figure 3D ). To confirm that the consensus MARK site was truly ablated in the S115A and the phosphorylated fusion protein was tested for its ability to cosediment with taxol-stabilized microtubules. mutant, one-tenth of the supernatant fractions from both the mutant S115A and wild-type Dcx cosedimentation Normally, 100% of MBP-Dcx fusion protein cosediments with taxol-stabilized microtubules ( Figure 3B , no kiassays were subjected to Western analysis using the 12E8 antibody. As expected, Dcx containing the S115A nase). However, if the MBP-Dcx is first incubated with ATP and either purified MARK or PKA, roughly 50% of mutation fails to show immunoreactivity for the phosphoepitope following kinase treatment ( Figure 3E ). the MBP-Dcx remains in the supernatant and does not 3-4) is inhibited by pretreatment with MARK. In the absence of kinase, the S47A/S115A mutant protein binds avidly to microtubules (lanes 5-6). However, in the presence of MARK (lanes 1-2), S47A/S115A protein remains in the pelleted fraction. Similarly, MBPDcx containing the single substitution S47A remains bound to microtubules in the presence (lanes 9-10) or absence (lanes 7-8) of PKA. Thus, the S47A mutation is sufficient to prevent regulation by PKA in vitro.
Identification of S47 as a Critical Target
to alanine in a wild-type Dcx-MBP fusion protein; the S47A mutation alone completely inhibits the regulation of MARK and PKA We then sought to identify the other site(s) critical for of microtubule binding by PKA ( Figure 4C ). Thus, we conclude that the S47 residue is crucial for the negative MARK and PKA to regulate the binding affinity of Dcx for microtubules. Dcx exists in vivo as a large number of regulation of Dcx's microtubule affinity. phospho-isoforms, indicating that numerous potential combinations of phosphorylation sites may be utilized.
Phosphorylated Substrates of MARK Are Present in a Complementary Pattern to Dcx To identify critical residues that must be phosphorylated to prevent Dcx from binding microtubules, MARK-and Localization in Neurons
We have so far shown that Dcx localizes to microtubules PKA-phosphorylated S115A mutant fusion proteins that remained in the supernatant after a microtubule cosediin the tips of leading processes and growing neurites, that inhibiting PP2A both increases the extent of Dcx mentation assay were subjected separately to tryptic digestion and mass spectroscopy analysis, as was unphosphorylation and displaces Dcx from neuronal growth cones, and that in vitro phosphorylation by MARK or phosphorylated MBP-Dcx. We then compared the spectra of these three samples, under the rationale that if a PKA of Dcx at a serine residue (one of which is a target of missense mutations in X-LIS) negatively regulates the phosphorylated site is critical, it should be present in both of the mutant fusion proteins following kinase treatinteraction of Dcx with microtubules. We hypothesize that Dcx is maintained at the tips of neurites by phosphament, regardless of whether the kinase was MARK or PKA, and there should not be a detectable peak corretase activity and is prevented from associating with microtubules along the neurite shaft by a kinase (i.e., sponding to the unphosphorylated form of this peptide in either kinase reaction. Two peptides (amino acids MARK). This hypothesis predicts that MARK/PKA kinase activity should form a pattern complementary to that of 42-50 and 42-51) conformed to these criteria ( Figure  4A Figure 5F ). In addition, debinding. We then generated the single mutation of S47 reactions (and no kinase control) were removed. As a positive control for 12E8 immunoreactivity, 1.5 g of Tau was phosphorylated under Protein Expression and Purification the same conditions. Dcx constructs were subcloned into the bacterial expression vector Coomassie-stained bands of both PKA and MARK kinased KIGA pMAL-C2 (New England Biolabs) using standard methods. Oligo-MBP-Dcx were excised from the lanes containing the supernatant directed mutagenesis was used to introduce alanine substitutions of a microtubule cosedimentation assay. As a control, the band with Platinum Pfx Polymerase (Invitrogen). Constructs were seof nonphosphorylated wild-type MBP-Dcx pellet fraction was also quenced using the ABI Big Dye kit and an ABI 3700 sequencer.
excised. Gel slices were soaked overnight in water and then trypsin Constructs were transformed into E. coli strain BL21DE3 BLysS for digested. The tryptic digests were subjected to mass spectroscopy protein production. Bacterial cultures were grown in Luria Broth to using the Voyager-DE RP Biospectrometer. log phase and then induced at 25ЊC for 4 hr with 0.1 mM IPTG. Cultures were pelleted, resuspended in PBS supplemented withtroscopy, F. Francis and J. Chelly for sharing doublecortin antibod
